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Abstract 
We excite exciton-polariton condensates in half-moon shapes by the non-resonant opti­
cal excitation of GaAs-based cylindrical pillar microcavities. In this geometry, the 1r-jump 
of the phase of the condensate wave function coexists with a gradual ±1r phase variation 
between two horns of the half-moon. We switch between clockwise and counter-clockwise 
phase currents by slightly shifting the excitation spot on the surface of the pillar. Half­
moon condensates are expected to reveal features of two-level quantum systems similar 
to superconducting flux qubits. 
Introduction 
The orbital angular momentum (OAM), that is an extrinsic degree of freedom of a stationary 
light beam is in the focus of our study. In the last couple of decades, OAM of light attracts 
much interest as a prospective entity for application in quantum computation and commu­
nication [1, 2]. The average OAM being a collective degree of freedom, i.e. characterizing a 
macroscopic (multi-particle) quantum state, offers a remarkable advantage over single-particle 
characteristics for information storage and processing. It is topologically protected against de­
coherence processes including those caused by dissipation, scattering and noise effects [3]. The 
loss or dephasing of individual photons does not lead to the loss of spatial coherence of the 
whole state. 
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Among the most well studied states with non-zero OAM are vortex states characterized by 
the azimuthal phase dependence of the form exp(im0), where the integer m is a quantum num­
ber frequently referred to as a topological charge [4,5], and nm is the OAM per photon [6], 0 is 
the azimuthal angle. There exist several approaches for generation of states with non-integer 
orbital momenta based on the introduction of local phase jumps that make the phase varia­
tion in the remaining part of the closed loop different from a multiple of 21r. Depending on the 
physical system under consideration, various approaches are used to create quantum states with 
the non-integer OAM. For generation of optical fractional vortices one needs specially designed 
optical elements, fractional vortex lenses or spiral phase plates [7-9]. In superfluid ring-shaped 
Bose-Einstein condensates of ultracold atoms, the method in demand for generating flow states 
characterized by a phase slip consists in the insertion of a so-called weak link [10, 11]. A weak 
link represents a depletion in the condensate density produced by the external potential barrier 
moving along the circumference of the condensate at a given velocity. It induces back-scattering 
for the condensate flows spreading clockwise and counter-clockwise along the ring. This results 
in interference patterns of the scattered flow states. In recent years, a significant progress 
in shaping of Bose-Einstein condensates of light-matter quasiparticles, exciton-polaritons, has 
been reported [12, 13]. In contrast to atomic condensates, polariton condensates may be gener­
ated at relatively high temperatures, including the room temperature [14] that opens the way 
to their application in classical and quantum information processing. 
In the present work, creation of polariton phase currents characterised by fractional topolog­
ical charges is demonstrated by the near-field optical interferometry in cylindrical micropillar 
microcavities. We experimentally study semiconductor micropillars where the demonstration 
of concentric circular and lobe condensate patterns [15] and generation of persistent circular 
currents [16] were reported earlier. We introduce a weak link in a circular polariton condensate 
that takes a half-moon shape. The polariton density depletion between the horns of the half­
moon is provoked by the repulsive interaction of the condensate polaritons with the reservoir 
of incoherent excitons generated by a non-resonant optical excitation under the optical pump 
spot. We observe clock-wise and anti-clockwise persistent circular current states characterised 
by half-integer orbital momenta. This observation shows the high potentiality of half-moon 
polariton condensates for applications in the quantum information processing as is explained 
below. 
We refer here to the theoretical work [17] that uses a quantum mechanical approach for the 
description of fractional OAM states. In that model, the fractional OAM state is considered as 
a qunit, a quantum state in N (in theory, infinite) dimensions [18], representing a superposition 
of current states with integer winding numbers m ( OAM per state). A convenient approach 
consists in the reduction of the infinite Hilbert space of the system to the two-dimensional 
subspace, where the fractional OAM state can be considered as a qubit in the ( +m, -m) 
basis [19]. Half-moon polariton condensates offer an opportunity to single out the pair of vortex 
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states characterized by OAM of+ 1/2 and -1/2. This pair of states may be used as a basis 
for a polariton qubit that is similar to the well-known flux qubits based on superconducting 
circuits with embedded Josephson junctions [20]. 
Polariton condensate formation 
Schematically the creation of the half-moon polariton condensate is illustrated in Fig. l(a). 
Figure l(b) presents the energy transfer scheme in the system. The sample under examination 
is a cylindrical pillar of a diameter of 25 µm etched from a planar 5>-../2 AlGaAs distributed 
Bragg reflector microcavity with an ensemble of embedded quantum wells. The measured cavity 
quality factor is Q ;:::;:; 16000. Due to the strong coupling of quantum well excitons with cavity 
photons confined in the structure growth direction, the structure supports two new eigenmodes 
split in energy. These are exciton polariton modes that form the upper and lower dispersion 
branches (pink and light blue curves in Fig. l(b), respectively). For creating a condensate 
of the lower branch polaritons, we use the non-resonant pumping scheme [16]. The linearly 
polarized optical cw pump beam coming from the Ti:sapphire laser and being characterized by 
an energy far above the exciton resonance (about 110 meV above the minimum of the lower 
polariton branch) creates a reservoir of incoherent excitons. Due to the stimulated scattering, 
the reservoir excitons relax to the polariton state at the bottom of the lower dispersion brunch. 
Since at the non-resonant pumping, the spin and orbital characteristics of light do not transfer 
to the ground polariton state directly, we do not imprint any specific phase to the condensate 
with the pump laser. 
The condensate of polaritons in a pillar is described by a single many-body wave func­
tion w(r). If the pump beam is coaxial with the pillar, the rotationally symmetric ring-shaped 
ground polariton state is formed with a uniform phase that does not vary in the area of the 
pillar, see [15]. The exciton cloud localized under the pump beam creates an effective potential 
for polaritons repelling them from the centre of the pillar. In a non-conservative system, the 
localized pump and spatially distributed losses cause polariton flows, which are characterized 
by the vector field J = (i/2) ('1iv''1i* - '1i*v''1i). The spontaneous or induced breaking of the ro­
tational symmetry, e.g. due to the specific combination of the landscape of the static potential 
and the position of the pump spot, can lead to the formation of persistent ring current states 
of polaritons, characterized by the non-zero quantized OAM per particle [16]. The latter can 
be formally found from the vector flow field as e = Lz /N, where Lz = J (xoyly - yox/i;)dr is 
the actual OAM and N = J l'111 2dr is the population of the condensate. 
In the recent paper [21], some of the present authors proposed the concept of a polariton 
flux qubit. We have predicted theoretically that the introduction of a weak link in the circular 
polariton current pins a node of the condensate wave function leading to a jump of the con-
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densate phase by 1r. The resulting current states are characterized by a fractional OAM. In 
this Letter, we report on the experimental realization of the polariton current states with a 
fractional OAM in half-moon polariton condensates. The key difference in the geometry of our 
present experiment and the experiments reported in Refs. [15, 16] is the position of the pump 
spot. In contrast to the previous works, here we deliberately shift the pump beam from the 
centre of the pillar in such a way that the ring trap transforms to the C-shape one. The pump 
creates the potential barrier that plays the role of a weak link in a ring-shape superfluid circuit 
of exciton polaritons formed in the regime of polariton lasing. Figure 1 ( c) shows schemati­
cally the anticipated angular distributions of the magnitude and phase of the condensate wave 
function. The phase jumps by 1r at the node of the wave function pinned to the barrier. 
Although in a geometry characterized by the broken rotational symmetry OAM is not 
obliged to be integer, the overall variation of the condensate phase around the pillar still needs 
to be a multiple of 21r. The introduced barrier acts as a phase delay line which imprints the 
phase jump within the condensate density gap. In Fig. l(d), we schematically show the phase 
variation of the polariton current states, which correspond to the overall phase variation of 
zero, which forms the pair of lowest energy eigenstates of our system. 
Half-moon polariton condensates 
In Fig. 2, we present the experimental evidence for the formation of a polariton condensate 
characterized by a fractional OAM f, > 0. The pronounced crescent shape of the steady state 
polariton density in Fig. 2(a) is a result of the displacement of the pump beam by a sub­
micrometer distance to SW from the center of the pillar. In the Supplemental material, we 
show that despite of the apparent complicated shape of the polariton density, the latter can be 
safely separated into the azimuthal and radial components. 
To reveal the phase structure of the half-moon polariton condensate, we have studied the 
interference pattern formed by the photoluminescence signal emitted by the condensate with 
the coherent spherical reference wave of the same frequency, see Fig. 2(b). The reference wave 
was obtained by magnifying the peripheral part of the condensate emission and guiding it 
through a converging lens spaced from the image plane by the distance exceeding its focal 
length. The smooth variation of the phase of the polariton condensate in the most part of 
the perimeter of the pillar results in the appearance of concentric fringes in the interferogram. 
The smooth patterns are broken in the vicinity of the deep in the polariton density. The 
observed abrupt shift of the interference fringes is caused by the jump of the phase between 
the horns of the half-moon condensate. Figures 2( c)-2( e) confirm this observation. Adapting 
the extended Fourier-transform method described in [16] for the case of closed-fringe patterns, 
we extract from the interferogram in Fig. 2(b) the phase of the condensate emission relative to 
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that of the reference wave, see Fig. 2( c). The variation of the phase of the polariton condensate 
along the closed pass on the crest of the condensate density is shown in Fig. 2( d). The full 
reconstruction of the phase of the half-moon condensate <.p(r, 0) is shown in Fig. 2(e). One can 
see that the anticipated phase jump by approximately +1r between the horns of the half-moon 
is unambiguously observed. Herewith, the phase decreases roughly linearly with the increase 
in the azimuthal angle outside the condensate density deep. 
To visualise the polariton phase current in the half-moon condensate, in Fig. 2(f), we plot 
the vector field J. To extract it from near-field photoluminescence and interferometry images, 
we represent the polariton condensate wave function as w(r, 0) = n112(r, 0) exp [i<.p(0)], see the 
Supplemental material for details of the fitting procedure for the polariton density n( r, 0) and 
the phase <.p( 0). The reconstructed wave function allowed us to estimate the OAM per particle 
for the observed current state as e :=;j +0.5. The vector field winds around the centre of the 
pillar. However, in contrast to the current states with an integer OAM (e.g. in [16]), the 
magnitude of the field of the fractional OAM state varies as a function of the azimuthal angle. 
It drops down to zero with the decrease of the polariton density. 
Experimentally, we were also able to obtain the half-moon condensate with a negative OAM, 
f, < 0, see Fig. 3. To do this, we shifted the pump beam to NW from the centre of the pillar. 
In this case, the observed polariton density variation between the horns of the condensate is 
sharper than in Fig. 2(a). Nevertheless, the azimuthal density distribution is well described by 
the same analytical function with different fitting coefficients. As for the radial component of 
the condensate wavefunction, the discrepancy in the shapes of the functions that provide the 
best fit for the two experiments is less than one percent, so that it can safely be neglected, see the 
Supplemental material. In a full similarity to the case of f, � +0.5 condensate analyzed above, 
we performed the interferometry measurements followed by the restoration of the phase of the 
condensate, see Figs. 3(b )-3( e). The jump of the phase by approximately -7!" is apparent on 
the angular dependence of the condensate phase <.p( 0). Outside the break point, the dependence 
<.p(0) is non-linear and it differs from one shown in Figs 2(d)-2(e). Still, its monotonic increase 
with the increase of 0 away from the condensate density deep is an unambiguous proof of a 
counter-clockwise phase current. 
In Fig. 3(f) we plot the polariton flow field J using the reconstructed wave function of the 
f, < 0 state. Due to the more pronounced inhomogeneity of the considered OAM state, the 
density of field lines is significantly higher near the maximum of the polariton density than 
near the polariton density deep. Nevertheless, despite of such a difference in the flow field 
structure, the two states are characterized by almost similar absolute values of the OAM per 
particle: for the f, < 0 condensate state, we estimate the OAM per particle as f, � -0.5. 
Both the density and the phase structures of the observed half-moon polariton condensates 
are very stable. Once emerged in the cw experiment, the condensate density distribution or 
the broken spiral interference pattern remain unchanged during the observation. 
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In order to distinguish the observed half-quantum orbital states of half-moon condensates 
from the half-quantum vortices previously studied in planar micro cavities [22], we have analyzed 
the polarisation-resolved near-field photoluminescence spectra of our system. The experimen­
tally measured spatially resolved polarization (Stokes vector) components, Bx , Sy and Sz, are 
presented in Fig. 4 for the states f � 0.5 [panels 4(a)-4(c)] and f � -0.5 [panels 4(d)-4(f)]. To 
extract the Stores vector components, Bx = (I ..... - Ii)/ (I ..... + Ii), Sy = (I---,. - I✓)/ (I---,. + I✓) and 
Sz = (10 - I0 )/ (I0 + I0), we have measured intensities of six components of the condensate
photoluminescence: linearly polarized horizontally (I .... ) and vertically Ui), along diagonal (I---,.) 
and perpendicular to diagonal (I✓), and right-hand (I0) and left-hand (I0) circularly polarized. 
It is clearly seen that the polariton density is almost homogeneous in all polarizations within 
the area of the pillar occupied by the condensate, herewith the linear component Bx is the most 
pronounced in both experiments. These polarization measurements allow us to rule out half­
vortex states as a possible origin of the observed fractional OAM of the polariton condensate. 
According to the previous studies, half-vortex states are characterized by an integer quantized 
vortex in one circular polarization component coexisting with no vorticity in the other circular 
component [23-26]. Our measurements show no such features. 
Discussion 
The considered polariton system forms a robust optically controlled solid-state platform for 
implementation of a quantum register. The discussed half-integer OAM states representing a 
macroscopic superposition of current states are valuable candidates for the realisation of flux 
qubits that would play a role of the building blocks of the register. 
If the rotational symmetry of potential is preserved, OAM of the polariton condensate in a 
pillar holds integer values [16]. Herewith, the different OAM states (including the stationary 
state with f = 0) are separated in energy from each other by the Galilean transformation due to 
the variation of the phase around the pillar centre [27]. The inclusion of the weak link, regardless 
of its origin, breaks the Galilean invariance and leads to the appearance of a node in the 
condensate wave-function. The newly established polariton flow eigenstates are characterized 
by half-integer OAM, that makes them analogous to the clockwise and counter-clockwise current 
states formed by a swarm of Cooper pairs in a superconducting circuit with an embedded 
Josephson junction [28-30]. Circuits of superfluid polariton currents demonstrate a very similar 
physics to superconducting circuits used in flux qubits. Half-integer orbital momenta states of a 
polariton condensate demonstrated here may be considered as two projections of the polariton 
flux qubit. Superposition states of clockwise and counter-clockwise phase currents would be 
characterized by oscillating trajectories on a surface of the Bloch sphere as discussed in [21]. 
The unambiguous observation of robust half-quantum polariton currents of both signs reported 
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here is a decisive step forward towards the realisation of a polariton flux qubit. 
We would like to emphasize the advantages of the polariton flux qubits based on polari­
ton half-moon condensates, over many other implementations of qubits. The orbital angular 
momentum of a condensate is a macroscopic degree of freedom. It is based on the collective 
coherent phenomenology of polariton currents flying along closed trajectories. In contrast to 
qubits based on intrinsic quantum states of a single particle, the OAM qubits are topologically 
protected against dephasing caused by losses and dephasing of individual quantum particles. 
Polariton qubits also offer an advantage of a relatively simple optical read-out. This 
favourably distinguishes them from superconducting flux qubits, which require extremely sensi­
tive magnetometers to minimize the perturbation to the qubit state when performing so called 
"weak measurements" for the read-out. 
Moreover, the operational temperature of polariton flux qubits is expected to significantly 
exceed those of the best superconducting qubits. The experimental observation of stable room­
temperature condensates of exciton polaritons [31, 32] paves the way to realisation of room­
temperature polariton flux qubits. 
Methods 
Experimental setup 
The experimental setup we used is described in detail in Ref. [16]. A cylindrical micropillar of a 
diameter of 25 µn is excited non-resonantly by a laser beam (2 µm full width at half maximum) 
whose position is deliberately shifted from the center of the pillar. Both near-field photolu­
minescence and interferometry are studied in the polariton lasing regime. The interferometry 
images are obtained by the combining the image of the condensate with a magnified fragment of 
the same condensate that constituted a reference spherical wave in a Michelson interferometer. 
Polarization optical elements (linear polarizers and quarter- and half-wave plates) have been 
used to measure the spatially dependent components of the Stokes vector of light emitted by 
the condensate. 
Sample details 
The sample is fully described in Ref. [16]. Four sets of three 10-nm GaAs quantum wells are 
placed at the antinodes of the cavity electric field to maximize the exciton-photon coupling. 
The studied 25 µm diameter pillar is characterized by a slight negative photon-exciton detuning 
of O = -0.5meV. 
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Figure 1: Creation of a half-moon polariton condensate. a, Schematic of the optical excitation 
of a half-moon polariton condensate. Polaritons are excited in a cylindrical micropillar cavity by a 
non-resonant cw Gaussian pump beam (pale green cylinder) slightly shifted from the centre of the 
micropillar. b, Schematic dispersion of exciton polaritons. The upper (pink curve) and lower (light 
blue curve) polariton dispersion branches result from the avoided crossing of the dispersions of excitons 
and photons (gray dashed curves) due to their strong coupling. The condensate of exciton polaritons 
( dark blue cloud) is fed from the reservoir of incoherent excitons (purple cloud) due to the exciton 
relaxation in energy via their interaction with phonons (black arrows). The reservoir is created by the 
optical cw pump (green cloud). Polaritons escape from the cavity as a photoluminescence ( orange wavy 
arrows). c, Schematic of the anticipated phase ( color) and intensity (width of the stripe) distribution in 
a half-moon polariton condensate. The phase of the condensate jumps by n at the weak link that pins 
the node of its wave function. d, The possible phase distributions in a half moon polariton condensate 
containing a node characterised by the phase jump of -n ( orange curves) and +n (purple curves) at the 
weak link modelled by a smeared 8-like barrier ( the grey dashed curve corresponds to the limit of zero 
smearing). 
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Figure 2: The polariton current state with a positive fractional OAM. a, The density 
distribution of the polariton condensate in the cavity plane. b, The interferometry image obtained 
from the interferometry of the photoluminescence of the condensate with the spherical reference wave. 
c, The relative phase map extracted from the interferometry image. d, Phase variation along the red 
dashed circumference in the panel c. The azimuthal coordinate of the phase jump is taken as 0 = 0° . 
e, Variation of the phase of the polariton condensate in the cavity plane. f, The vector polariton flow 
field J (black drops) extracted from the fitting of the experimental results by analytical functions, see 
Supplemental material for details. The background in the panel f is the fitted density distribution. 
The non-physical area outside the pillar image is shaded in the panel c and cut of in the panel e. 
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Figure 3: The polariton current state with a negative fractional OAM. a, The density 
distribution of the polariton condensate in the cavity plane. b, The interferometry image. c, The 
relative phase map extracted from the interferometry image. d, Phase variation along the red dashed 
circumference in the panel c. The azimuthal coordinate of the phase jump is taken as 0 = 0°. 
e, Variation of the phase of the polariton condensate in the cavity plane. f, The vector polariton flow 
field J (black drops) extracted from the fitting of the experimental results by analytical functions, see 
Supplemental material for details. The background in the panel f is the fitted intensity distribution. 
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Figure 4: Polarization maps of the half-moon condensates. a, d, Linear, Bx, b, e, diago­
nal/antidiagonal, Sy, and c, f, circular, Sz, components of the polarization of light emitted by the 
condensates. The upper and lower panels correspond to the counter-clockwise and clockwise polariton 
current states, respectively. The roundels of droplets in the upper right corners of panels a and d are 
given for clarity and indicate the polariton current state: counter-clockwise for R, > 0 and clockwise 
for R, < 0. 
Supplemental material: Phase currents in half-moon 
polariton condensates 
E. S. Sedov, V. A. Lukoshkin, V. K. Kalevich, Z. Hatzopoulos, P. G. Savvidis, A. V. Kavokin 
Fitting of the density and phase components of the half­
moon condensates 
First, we show that the azimuthal and radial components of the wave functions of the half-moon 
polariton condensates under consideration (in Figs. 2 and 3) are separable and can be fitted 
independently. To this end, in the right panels of Fig. S1, we compare the radial distributions of 
the experimentally observed counter-clockwise (b) and clockwise (d) polariton flow states in dif­
ferent cross-sections, indicated in the left panels, (a) and ( c), respectively. The figures show that 
for both condensates, distribution along the radius weakly depends on the azimuthal angle. The 
average normalized radial distribution I(r) = Cr I0
2
1r n(r, 0)d0, where Cr is the normalization 
coefficient, is very well fitted by the analytical function F(r) = ( e + dr + cr2 )e-a(r-b)2 Values of • 
the fitting coefficients are given in the caption to Fig. S1. Remarkably, the mismatch of the fit­
ting functions for the counter-clockwise [F_,,(r)] and clockwise [Fr.(r)] condensates is less than 
one percent, I (Gr.,r.("',"') - Gr.,.,)/ Gr.,r.("',"')I < 0.01, where Gi,J = IA �112 (r)F}i2(r)rdr 
(i,j =r.-,"'), A is the numerical integration distance. The radial distribution of the polariton 
condensate is only determined by the shape and relative position of the external potential and 
effective potential due to the exciton repulsion which is similar for both experiments. 
The normalized azimuthal intensity distribution 1(0) = Co IA n(r, 0)rdr of the counter­clockwise and clockwise half-moon polariton condensates discussed in the main text is shown in 
Figs. 82( a) and S2(b ), respectively. Despite the apparent differences in the shapes of the distri­
butions, both of them are very well fitted by the analytical function F(0) = a tanh [b(x + c)]2 + 
a tanh [d(x - e)] 2 + f. Values of the fitting coefficients are given in the caption to Fig. S2. 
Next, we fit the azimuthal variation of the phase of the half-moon polariton conden­
sates, c.p(0). We use the reconstructed from the interferometry pictures phase variations in 
Figs. 2( d) and 3( d) as references. Figure S3 shows the fitting functions (black) of the form 
a 0 + b0 2 + c 03 + d tanh (e 0) in comparison with the reconstructed data for the positive [S3(a)] 
and negative [S3(b)] OAM per particle. 
Finally, we can reconstruct the wave function of the half-moon condensate in the Madelung 
form \J!(r, 0) = JI(r)I(0) exp [ic.p(0)]. Based on the reconstructed \J!(r, 0), we can now estimate 
OAM per particle for the observed half-moon condensates as f � 0.56 for the experiment in 
Fig. 2 and f � -0.54 for the experiment in Fig. 3 of the main text. 
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Figure Sl: The radial distribution of the normalized intensity of the half-moon polariton 
condensates. a, c, The intensity distribution in the cavity plane and b, d, the radial intensity 
distribution of the polariton current states with the positive (a, b) and negative (c, d) OAM. Dashed 
color lines in a and c indicate the cross-sections in which the intensity distribution is shown in b and 
d in the same color, respectively . The black curves in b and d are the best fits of the average radial 
distribution of the condensate by the analytical function (e + dr + cr2 )e-a(r-b)2 • The coefficients in
the fitting function are as follows: a = 0.0784 µm-2, b = 8 µm, c = 0.0467 µm-2, d = -0.5334 µm-1
and e = 1.9778 for band a= 0.0794µm-2, b = 8.090µm, c = 0.0393µm-2, d = -0.4148µm-1 and
e = 1.5144 for d. The roundel of droplets in the upper left corner of panels indicates the polariton 
current state: counter-clockwise for £ > 0 and clockwise for £ < 0. 
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Figure S2: The azimuthal distribution of the normalized intensity of the half-moon polari­
ton condensates. a, The intensity distribution of the positive and b, the negative OAM polariton 
current state. Blue dots denote the experimental measurements, black curves show the fitting by the 
analytical function a tanh [b(0 + c)] 2 + a tanh [d(0 - e)]2 + f. The fitting parameters are estimated as 
follows: a= 0.3574, b = 2.1093, c = 0.1289, d = 1.8003, e = 1.0064, f = 0.2079 for a and a= -0.5433, 
b = 1.0885, c = 3.4725, d = 1.3705, e = 2.8511, f = 1.4708 for b. The angle 0 = 0° corresponds to 
the position of the phase jump (see Fig. S3). 
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